The expression of a transgene coding for a chimeric molecule, containing the cytoplasmic and transmembrane domains of the β1-integrin chain and the extracellular domain of the T-cell differentiation antigen CD4, was targeted to the mouse mammary gland by the mouse mammary tumor virus (MMTV) promoter. The chimera does not interact with the extracellular ligands; however, its expression in cultured cells was shown to interfere with focal adhesion kinase (FAK) phosphorylation following ligation of endogenous β1-integrin. Therefore, expression of the transgenic protein on the cell surface should uncouple adhesion from intracellular events associated with the β1-cytoplasmic domain and thus perturb β1-integrin functions. Although most of the transgenic females were able to lactate, their mammary glands had a phenotype clearly distinct from that of wild-type mice. At mid-pregnancy and the beginning of lactation, transgenic glands were underdeveloped and the epithelial cell proliferation rates were decreased, while the apoptosis levels were higher than in wild-type glands. In lactation, the amounts of the whey acidic protein (WAP) and β-casein gene transcripts were diminished, and the basement membrane component, laminin and the β4-integrin chain accumulated at the lateral surface of luminal epithelial cells, revealing defects in polarization. Our observations prove that in vivo, β1-integrins are involved in control of proliferation, apoptosis, differentiation and maintenance of baso-apical polarity of mammary epithelial cells, and therefore are essential for normal mammary gland development and function.
Introduction
Integrins are a family of transmembrane heterodimer receptors composed of non-covalently associated α-and β-subunits. So far, at least 15 different α-and eight different β-subunits have been identified. The integrin β1-subunit is known to associate with at least ten distinct α-subunits to form heterodimers with different ligand specificity. The receptor consists of an extracellular, a transmembrane and a cytoplasmic domain. The large extracellular domain binds to various ligands, i.e. to the extracellular matrix (ECM) proteins or to other cell surface receptors. The cytoplasmic domain of the receptor interacts with the cytoskeleton. Integrins function as signaling receptors and have been shown to regulate the reorganization of the cytoskeleton, intracellular ion transport, kinase activation and gene expression (for review see Dedhar and Hannigan, 1996; Meredith et al., 1996; Giancotti, 1997) .
Inactivation of the β1-gene results in early embryonic lethality (Fässler and Meyer, 1995; Stephens et al., 1995) . This observation suggests that the integrins of the β1 family are essential for normal development. However, recent studies performed with chimeric mouse embryos and adult mice containing β1-null cells revealed that the embryos with a β1-null cell content of up to 25% developed normally, whereas in adults, β1-null cells were found in most of the tissues and organs (Fässler and Meyer, 1995) . For instance, the chimeric mouse epidermis containing β1-null keratinocytes appeared well-organized (Bagutti et al., 1996) .
In this work, we have used the mouse mammary gland as a model to study the involvement of β1-integrins in the cellular functions in vivo. In order to perturb the function of β1-integrins, we have targeted the expression of a transgene coding for a chimeric molecule containing the cytoplasmic and the transmembrane domains of the β1-integrin subunit and the extracellular domain of the Tcell differentiation antigen, CD4, to the mammary gland using mouse mammary tumor virus (MMTV) promoter. Such a chimera neither binds to α-integrin subunits, nor interacts with the ECM integrin ligands. However, in vitro, it was shown to be delivered to focal contacts of the adherent cells and to stimulate tyrosine phosphorylation of FAK if clustered by an anti-CD4 extracellular domain antibody. On the other hand, when expressed at high levels, the chimera induced cell detachment, prevented adhesion to ECM proteins and interfered with FAK phosphorylation following antibody-induced β1-integrin clustering (Lukashev et al., 1994) . Thus the chimeric molecule can uncouple adhesion from the intracellular integrin-associated events and acts as a dominant inhibitor of integrin function.
The mammary gland consists of secretory alveoli interconnected by a system of branching ducts. The entire structure is surrounded by a basement membrane and embedded in connective tissue (fat-pad stroma). Epithelial cells that compose the gland are arranged in two layers, a luminal epithelial and a basal layer which consists of myoepithelial and a small number of so-called basal (or precursor) cells. Mammary gland development occurs mainly after birth. Ductal development is initiated in the virgin animal at the onset of puberty and with the attainment of sexual maturity the mammary tree, consisting of branching ducts, occupies the entire stromal fat pad. During pregnancy, numerous alveolar buds appear along the epithelial branches and give rise to the secretory tissue. Active cell proliferation is observed during ductal growth in the virgin, during alveolar development and further ductal growth in pregnancy, and after parturition. In the luminal epithelial cells of the alveoli, the expression of milk-specific proteins begins during pregnancy, and increases dramatically with the onset of lactation when the fully mature phenotype is acquired.
Cell-matrix interactions are important regulators of cell growth and programmed cell death. Recent studies have shown that adhesion mediated by specific integrins resulted in recruitment of an adaptor protein, Shc, and activation of the MAP-kinase pathway (Wary et al., 1996) . Adhesion to the ECM protects the cells from apoptosis (Frisch and Francis, 1994; Boudreau et al., 1995; Frisch and Ruoslahti, 1997) , whereas activation of FAK following adhesion appears to be an important factor in control of cell survival (Frisch et al., 1996; Hungerford et al., 1996) . In addition to cell growth and survival, ECM can regulate the phenotype of various cell types, including the mammary epithelium. In particular, adhesion of mammary epithelial cells to laminin is believed to mediate β-casein gene expression (Streuli et al., 1995b) , whereas activity of STAT5 transcription factor, an essential regulator of milk gene expression, is also controlled by cell-ECM interactions (Streuli et al., 1995a) . In vivo studies have implicated matrix-degradating metalloproteinases in growth control and mammary gland morphogenesis (Talhouk et al., 1992; Sympson et al., 1994; Witty et al., 1995; Alexander et al., 1996; Lund et al., 1996) . Overexpression of the active stromelysin-1 in the mouse mammary gland resulted in hyperplasia of the virgin gland and apoptosis in the late pregnant gland. Further studies revealed that the balance between these proteolytic enzymes and their tissue inhibitor may be an important modulator of the functional cell-matrix interactions in the mammary gland (Alexander et al., 1996) .
To determine the effects of expression of the transgenic protein on mammary gland development, we have analyzed gland morphology, proliferation, apoptosis and differentiation of mammary epithelial cells in the transgenic animals at different stages of gland development. We found that in pregnancy and lactation, the transgenic glands were significantly underdeveloped due to decreased epithelial cell proliferation and increased apoptosis rates; in lactation, expression of milk-specific proteins, WAP and β-casein, was diminished and epithelial cell polarization was affected. The data prove that in vivo, β1-integrins are involved in the control of mammary epithelium proliferation, apoptosis, differentiation and maintenance of baso-apical polarity.
Results

Transgene expression
We have constructed a plasmid containing MMTV promoter and a sequence coding for a chimeric molecule, consisting of the cytoplasmic and transmembrane domains of the mouse β1-integrin chain and the extracellular domain of CD4 (MMTV-Ch1). Four founders (F 0 ) expressing the β1-chimera under the control of MMTV promoter were generated, and the corresponding transgenic lines were established. Southern blot analysis has revealed the presence of 10-20 transgene copies in all transgenic lines (data not shown). The females from three transgenic lines were able to feed litters of normal size, whereas 25% of the females of line 17 lost some or all the pups during the first and second days of lactation.
To estimate the transgene expression levels, total RNA was isolated from the mammary tissue of females from different transgenic lines and analyzed by Northern blot ( Figure 1A) . A probe for CD4 did not hybridize with the wild-type gland RNA and detected a band of 3.0 kb in the RNA from the transgenic gland. mRNA of the same size was revealed with a probe for the β1-cytoplasmic domain, indicating that the 3.0 kb band corresponded to the transgene transcript. The β1-probe also hybridized to a 3.8 kb band of the endogenous β1-mRNA (Holers et al., 1989) . The expression of the transgene was high in line 17, moderate in line 42 and weak in lines 44 and 46.
The developmental profile of transgene expression is shown in Figure 1B . The transgene was already being expressed in 8-week-old virgin mice, expression was significantly up-regulated during pregnancy and further increased during lactation.
The MMTV promoter was previously reported to be expressed in organs other than the mammary gland (Leder et al., 1986; Choi et al., 1987) . We found the transgene transcript in the kidney, lung, spleen and salivary gland (data not shown); however, the expression levels were much lower than those observed in the mammary gland during pregnancy and lactation.
Using anti-CD4 monoclonal antibody (mAb), we have detected the transgenic protein in the luminal epithelial cells in lactating transgenic mice ( Figure 1C ). In agreement with previous studies (Stöcklin et al., 1993) , the transgene expression driven by the MMTV promoter was not uniform throughout the gland: positive and negative cells could be found in the same alveoli. Expression of the transgenic protein was not revealed in the myoepithelial cells ( Figure 1C and D) . β1-chimera expression interferes with normal development of mammary gland in pregnancy and lactation To study the effects of transgene expression on the mammary gland development, we compared the morphology of the wild-type and transgenic glands at different developmental stages. No obvious alteration in the size or branching pattern of the virgin transgenic mice glands was observed. At mid-pregnancy (days 10-12), the transgenic glands appeared smaller with a branching pattern less complex than that observed in normal glands (Figure 2A and B) . By the end of pregnancy (days 18-19) , the difference between wild-type and transgenic glands was less prominent (data not shown). Figure 2C and D shows sections through 2-daylactating glands stained with hematoxylin-eosin. In wildtype glands, on the second day of lactation the fat pad was completely occupied by the secretory epithelium, and small fat-stroma islets were rarely seen between the lobules. On the contrary, in the transgenic glands, the alveoli appeared sparse and were surrounded by vast areas of fat stroma.
Consistent with the transgene expression levels, the morphological differences were drastic in females from Values are presented as mean Ϯ SD; in all cases, 1500-2000 nuclei per specimen were counted. The females with litters of 7-8 pups were selected; number of animals analyzed is indicated in parentheses. Statistically significant differences were observed for comparisons between non-transgenic and transgenic glands (P Ͻ0.004 and Ͻ0.02 for 12-day-pregnant and 2-day-lactating mice, respectively).
line 17, much less pronounced in line 42 and hardly detectable in lines 44 and 46.
β1-chimera expression inhibits proliferation and induces apoptosis in glands of pregnant and lactating mice
The mammary glands of the transgenic mice might be underdeveloped due to decreased proliferation and/or increased apoptosis rates. To compare the mammary epithelium proliferation levels in the transgenic and wildtype animals, BrdU was injected 2 h prior to sacrifice and its incorporation in DNA was estimated by immunohistochemical technique in the mammary gland paraffin sections. In normal mice, proliferation rates are high at midpregnancy, drop at the end of the gestation period and temporarily increase again post-partum with the onset of lactation (Traurig, 1967a,b) . Proliferation was significantly diminished in transgenic glands at mid-pregnancy (12.10 Ϯ 2.35% compared with 19.91 Ϯ 1.47% in wild-type) as well as at the second day of lactation (3.21 Ϯ 2.08% compared with 7.96 Ϯ 0.64% in wildtype) (Table I) . We have observed rather high apoptosis levels in wildtype glands at mid-pregnancy (Table II) . The cells with apoptotic nuclei comprised 1.11 Ϯ 0.11% of total epithelial cell number in glands of 12-day-pregnant mice. By the end of pregnancy, the level dropped to 0.42 Ϯ 0.10% and remained low during lactation (0.28 Ϯ 0.10% in 2-daylactating and Ͻ0.1% in 4-and 10-day-lactating glands). In transgenic glands, the number of apoptotic nuclei varied significantly between animals. However, a statistically significant increase in apoptosis was observed in glands of pregnant and 2-day-lactating transgenic mice (Table II) . Later in lactation, similar to wild-type glands, apoptosis rates were low and did not exceed 0.1%. 
β1-chimera expression affects differentiation of secretory epithelium during lactation
During the second half of pregnancy, mammary epithelium undergoes a differentiation process when luminal cells begin expressing the milk protein genes. The fully mature phenotype is reached at lactation, with the onset of milk secretion occurring under suckling stimuli. To determine whether the transgene expression could affect the differentiation of mammary secretory epithelium, we isolated total RNA from 2-day-lactating normal and transgenic mammary glands and probed it for expression of WAP and β-casein genes (Figure 3 ). mRNA for both proteins was reduced in transgenic glands; however, the expression levels varied in different animals. Figure 3 shows four representative cases. We observed a 40-80% reduction of WAP mRNA and a 20-60% reduction of β-casein mRNA. 3 . Expression of milk-protein genes in normal and transgenic lactating mammary glands. Total RNA (20 μg) from 2-day-lactating mammary glands from two normal and four transgenic females (all with 7-8 pups) was analyzed by Northern blot for the expression of WAP and β-casein milk proteins and cytokeratin 8. Expression of GAPDH was used as a loading control. The blot was exposed to Amersham film after hybridization with the probe: WAP, 90 min; β-casein, 30 min; cytokeratin 8, 5 days; GAPDH, 15 h. For quantitative analysis, the values obtained for WAP and β-casein were normalized to GAPDH.
mRNA coding for the cytokeratin 8, a marker of luminal cells, was more abundant in the majority of the transgenic glands compared with wild-type.
β1-chimera expression in luminal epithelial cells affects polarity
Polarity is an important property of all organized epithelia and its establishment is mediated by the interaction of the β1-integrins in mammary epithelium cells with their basement membrane. The overall mammary epithelium bilayer organization in the transgenic animals appeared normal, and we did not reveal any difference in the distribution of actin, vinculin and E-cadherin (data not shown). At the light microscopy level in transgenic glands, the basement membrane around alveoli appeared continuous as revealed by staining with an anti-laminin antibody. However, surprisingly, in addition to basal localization, at the sites of transgene expression, laminin was accumulated at the lateral surface of luminal epithelial cells ( Figure 4A and B). The major integrin chains expressed by mammary epithelial cells, α2, α3, α6, β1 and β4, can potentially form the dimers, α2β1, α3β1, α6β1 and α6β4. In wildtype glands, the β1-, α3-and α6-integrin chains were found at the basal and lateral surfaces of the epithelial cells (data not shown), whereas β4 chains were restricted to the basal cell side ( Figure 4C ). In transgenic glands, β4 was revealed at the basal cell surface and, in addition, co-localized with laminin at the lateral surface of luminal epithelial cells ( Figure 4E and F) . We did not reveal any obvious alteration in the distribution of β1-, α3-and α6-integrin chains (data not shown).
In order to estimate the ability of the mammary epithelial cells expressing the transgene to establish polarity when interacting with the basement membrane components in vitro, we isolated epithelial cells from mammary glands of wild-type and transgenic mice and cultured them in Matrigel. To induce the transgene expression, dexamethasone was added to the growth medium. It was previously demonstrated by Soriano et al. (1995) that glucocorticoid hormones enchanced cell polarization and lumen formation in the aggregates of the mammary epithelial cells growing in collagen gel. In agreement with these data, the cells isolated from wild-type animals and cultured in Matrigel without dexamethasone formed aggregates without lumens ( Figure 5 ), whereas in dexamethasone-containing cultures, numerous cysts (aggregates containing cells organized in a monolayer with a clearly distinguished lumen; Figure 5A ) were detected. The cells obtained from the transgenic glands failed to form cysts either in the presence or absence of dexamethasone and remained in aggregates without lumen.
Discussion
We demonstrate here that perturbation of the β1-integrin function impairs development of mammary gland and differentiation of secretory epithelium.
To interfere with the function of β1-integrin in vivo we used the MMTV promoter to target the expression of a chimeric protein to the mammary gland. The chimeric protein contained the β1-integrin cytoplasmic and transmembrane domains and the extracellular domain of a molecule not relevant to integrins, the T-differentiation antigen CD4. Several in vitro studies have shown a dominant inhibitory effect on the β1-integrin function of chimeras containing the β1-cytoplasmic and extracellular domains of CD4 or interleukin 2 receptor, expressed on the cell surface as single chains (Akiyama et al., 1994; LaFlamme et al., 1994; Lukashev et al., 1994; Smilenov et al., 1994) . Such chimeric molecules do not have any role in adhesion; however, their expression interferes with FAK phosphorylation following ligation of endogenous β1-integrin. Thus, expression of the transgenic protein should uncouple adhesion from associated intracellular events and perturb integrin-mediated outside-inside signaling.
It should be taken into consideration that endogenous β1-integrin is present in the mammary gland of the transgenic animals and, therefore, to interfere with its function, very high transgene expression levels are required. We have obtained four transgenic mouse lines expressing different levels of the β1-chimera and, as expected, the most severe phenotype was observed in line 17, which had the highest expression level. The majority of transgenic females were able to feed normal size litters even though their glands were clearly underdeveloped, whereas in line 17, some of the females lost pups during the first two days of lactation.
An exhaustive study of mammary epithelial cell integrin repertoire has yet to be carried out; however, luminal epithelial cells were shown to express α2β1, α3β1 and α6 chains that can be associated with β1 or β4 chains. In vitro data implicated α2β1 in the branching morphogenesis of mammary epithelial cells in collagen gels (Berdichevsky et al., 1994) ; however, the in vivo relevance of such data has not been confirmed to date, since the inactivation of the α2 gene has not yet been achieved. Knock-outs of α3-, α6-and β4-integrin genes resulted in perinatal lethality, whereas ablation of the β1 gene produced early embryonic lethality (reviewed in Hynes, 1996) . In α6-and in β4-null mice, the most apparent defects were found in the dermal-epidermal junctions, where lack of hemidesmosomes led to detachment of the epidermis (Georges-Labouesse et al., 1996; van der Neut et al., 1996) . In α3-null mice, medullary collecting ducts in the kidneys and bronchi in the lungs displayed decreased branching (Kreidberg et al., 1996) . Probably due to the fact that the mammary gland is still poorly developed at birth, no data are so far reported regarding the mammary epithelium organization in the integrin-deficient mice.
Perturbation of β1-function leads to decreased proliferation and increased apoptosis
Interactions of mammary epithelial cells with the basement membrane are essential for cell survival as their disruption triggers signals for apoptosis and cell-cycle arrest by induction of interleukin-1β-converting enzyme (Boudreau et al., 1995 (Boudreau et al., , 1996 . Integrins, being the major ECM receptors, play an important role in growth control. In transgenic mice expressing β1-chimera, at mid-pregnancy and during lactation, mammary glands were clearly less developed than in normal animals. We have found that the gland was underdeveloped due to decreased proliferation, as well as increased apoptosis rates. It was recently demonstrated that ligation of a subset of β1-integrins leads to recruitment of adaptor protein Shc, activation of the MAP-kinase pathway and suppression of the apoptosis signal (Wary et al., 1966) . Similar to β1-integrins, ligation of α6β4 results in Shc recruitment and therefore the roles of these integrins in growth control and other cellular functions may be overlapping. Since transgene expression perturbs β1-integrins directly, rather than α6β4, our data suggest that perturbation of β1-integrin function cannot be entirely compensated for by adhesion via α6β4. However, the possibility that α6β4 function is indirectly impaired by transgene expression should not be excluded.
In agreement with previous studies (Stöcklin et al., 1993) , we have observed that the MMTV promoter is not evenly expressed in the mammary epithelium and both expressing and non-expressing cells can be found in the same alveoli. Therefore, transgenic protein levels may vary from cell to cell. In transgenic glands, individual cell fate may conceivably depend on its transgene expression level, i.e. a particularly high transgenic protein level might be required to induce apoptosis, whereas moderate levels could retard entrance into the cell cycle.
In 4-and 10-day-lactating glands, practically no proliferation was observed and apoptosis rates were low in both wild-type and transgenic animals. This observation is in apparent contradiction to the fact that transgene expression is up-regulated as lactation proceeds. However, even though the amount of transgenic protein is higher late in lactation, in the absence of growth when basement membrane is well-organized and hemidesmosomes are well established, the transgenic protein may be less efficient in perturbing cell-matrix interactions and inducing apoptosis.
We did not observe any persistent alteration in virgin glands; however, at this developmental stage the transgene expression levels might still be too low to compete efficiently with the endogenous β1-integrin.
Perturbation of β1-integrin function impairs differentiation of secretory epithelium
Northern blot analysis has revealed that β-casein and, in particular, WAP transcript levels were decreased in transgenic glands. These data are in keeping with the results of the in vitro studies suggesting that expression of the β-casein gene in mammary epithelial cells required interaction with laminin mediated by β1-integrin (Streuli et al., 1995b) , and that DNA-binding activity of a transcription factor STAT5, a regulator of milk-protein gene expression, depended on adhesion to basement membrane (Streuli et al., 1995a) . Interestingly, unlike wild-type animals, in transgenic females milk gene expression varied significantly between individual animals. Such differences may be explained by a natural asynchrony of differentiation marker expression observed in mammary epithelial cells β1-integrins in mammary epithelium (Robinson et al., 1995) together with mosaic MMTVdriven transgene expression pattern (Stöcklin et al., 1993) .
We have also observed a relative increase of the cytokeratin 8 transcript levels. These data suggest that in transgenic animals, differentiation of secretory epithelium is impaired, and cells continue to produce cytokeratin 8, a structural protein, rather than switch completely to secretion.
Cellular mechanisms of the transgene action
In vitro expression of β1-CD4 chimera resulted in cell rounding and detachment (Lukashev et al., 1994) . In the transgenic glands, at the light microscopy level, overall tissue organization was not altered and basement membrane formed a continuous sheath around the ducts and alveoli. However, in addition to basal localization, laminin was found at lateral surfaces of the luminal epithelial cells in correlation with transgene expression. In mammary epithelium α3-, α6-and β1-chains (thus, α3β1-and α6β1-integrin dimers) are more abundant at the basal cell surface, but also localize at sites of cell-cell contact between luminal epithelial cells while β4-chains (i.e. α6β4 dimers) are found only at the basal side of luminal epithelial cells. Using immunofluorescence methods, we did not reveal any redistribution of α3, α6 and β1 in transgenic glands compared with wild-type. Supposedly, the major integrin receptors for laminin in mammary epithelium are α3β1 and α6β4. Similar to laminin, distribution of the β4-integrin chain was altered in transgenic glands, as it was co-localized with laminin at lateral cell surfaces. These observations reveal defects in cell polarization and suggest malformation of cell-cell junctions. In agreement with these findings, cells isolated from the glands of transgenic animals and cultured in Matrigel failed to establish polarity and to organize into cysts. Similarly, polarization and organization of normal mammary epithelial cells into cysts in collagen gels as well as in Matrigel were reported to require function of β1-integrins (Howlett et al., 1995) , whereas treatment of the mammary tumor cells with function-blocking anti-β1 antibody resulted in establishment of polarity and organization into acinus-like structures, probably by mimicking normal interactions with the ECM (Weaver et al., 1997) .
The intracellular events accompanying the transgene expression are not known precisely. It has been suggested that single β1-cytoplasmic domain may block integrin dimer activation by titration of intracellular proteins essential for this process (Chen et al., 1994; Fenczik et al., 1997) . On the other hand, transgene expression might affect integrin-mediated signaling. Phosphorylation/ activation of FAK is usually linked to the formation of integrin-mediated sites of contact between cell and ECM (focal adhesions). We did not observe any statistically significant difference in FAK phosphorylation levels between transgenic and wild-type glands (data not shown). However, it should be taken into consideration that FAK may be phosphorylated in response to stimulation by growth factors or biologically active peptides, rather than exclusively by adhesion (Zachary and Rozengurt, 1992) . Further studies are required to clarify the mechanism of the transgenic protein action and its effects on bidirectional transmembrane signaling mediated by β1-integrins. The cells isolated from transgenic glands and cultured in vitro should provide a good model system for such studies.
One of the important consequences of the single β1-cytoplasmic domain expression may be perturbed ECM assembly , which in turn, may cause alterations in stromal-epithelial interactions and affect the critical balance in the production of extracellular matrix proteinases and their inhibitors. Such changes could lead to reactive stroma formation and promote tumor development (Sympson et al., 1994 Lund et al., 1996) . On the other hand, numerous studies have shown that expression of integrins is down-regulated in many tumor types, whereas complementary experiments have revealed that expression of certain integrins and integrinassociated molecules in the transformed cells can suppress the transformed phenotype (for recent review see BenZe'ev, 1997; Meredith et al., 1996; Schwartz, 1997) . Thus, perturbation of β1-integrin function may lead to selection of a cell or a cell population that would be anchorageindependent, that is, able to proliferate and avoid apoptosis in the absence of adhesion. In agreement with this suggestion, we observe hyperplasia in the mammary glands of 1.5-year-old parous females; however, more data are required to prove that these anomalies result from the transgene expression.
In conclusion, we demonstrate here that perturbation of β1-integrin function by targeted expression of β1-cytoplasmic domain in mammary epithelium leads to decreased proliferation and increased apoptosis, and affects expression of milk-protein genes. The data prove that β1-integrins are involved in growth control and differentiation of mammary epithelium and are essential for normal mammary gland development and function.
Materials and methods
Generation of transgenic mice
Construction of the plasmid pBS-Ch1 was as previously described (Lukashev et al., 1994) . Briefly, the N-terminal fragment of the mouse β1-integrin cDNA, coding for the cytoplasmic and transmembrane domains, was fused in-frame with the C-terminal sequence of mouse CD4 cDNA coding for the extracellular domain. The MMTV-Ch1 construct used in this work was created by inserting the 1.5 kb XbaIXhoI fragment of pBS-Ch1 into a psp72-derived plasmid, containing the MMTV promoter, and intronic and polyadenylation sequences of simian virus 40 (provided by Dr B.Groner; Stöcklin et al., 1993) . To generate transgenic mice, a 4.5 kb SalI-SalI fragment corresponding to the insert was purified by electroelution from the agarose gel band followed by Elutip-d column (Schleicher and Schuell, Dassel, Germany) and microinjected in the pronucleus of B6/D2 F 1 fertilized eggs. The injected embryos were transferred to C57BL/6 pseudopregnant females and the offspring genotype was tested for the integration of transgene by PCR analysis of genomic DNA. The following oligonucleotides, complementary to the exons 2 and 3 of the gene coding for CD4, were used for amplification: 5Ј-GATTCCCAACCAACAAGAGC-3Ј and 5Ј-GCAGGGCAGTTCTGCTGATT-3Ј. Transgenic lines were generated by mating founder animals to C57BL/6 mice. Heterozygous transgenic mice were used for analysis of phenotype. Negative littermates served as a wild-type control.
Mammary tissue preparation for morphological analysis
The fourth (inguinal) glands were used for all morphological analysis, cell proliferation and apoptosis assays. For whole-mount staining, mammary glands were flattened on microscopic slides, fixed overnight in Carnoy's solution (75% ethanol, 25% acetic acid) and stained with carmine alum as described by Sympson et al. (1994) . For histological analysis, mammary glands were fixed overnight in 4% paraformaldehyde in phosphate-buffered saline (PBS), dehydrated in ethanol, cleared in chloroform and embedded in paraffin, or alternatively, fixed in Methacarn solution (60% methanol, 30% chloroform, 10% acetic acid), dehydrated in methanol, cleared in xylene and embedded in paraffin. Sections of 5 μm were deparaffinized and stained with hematoxylin and eosin.
For immunofluorescence staining, dissected mammary glands were immediately embedded in Tissue-Tek (Miles Diagnostic Division, Elkhart, IN) and frozen in isopentane cooled by liquid nitrogen. Prior to staining, 5 μm cryosections were fixed for 10 min in acetone at -20°C and incubated with 10% fetal calf serum for 20 min at room temperature. The sections were then incubated with primary antibodies for 1 h at 37°C, washed with PBS, and treated with FITC-or Texas Red-conjugated secondary antibodies (Jackson Immunoresearch, Pennsylvania) diluted 1:100, for 30 min at 37°C. mAb against α-smooth muscle actin conjugated to FITC (Sigma) was diluted 1:50; rat anti-mouse CD4 (Pharmingen) and rat anti-β4-integrin chain (Pharmingen) mAbs were used at 10 μg/ml; rat anti α6-integrin Mab GoH3 (provided by A.Sonnenberg; Sonnenberg et al., 1986) was used as undiluted culture supernatant; rabbit anti-β1-integrin cytoplasmic domain (provided by R.Hynes; Marcantonio and Hynes, 1988) and rabbit anti-α3-integrin cytoplasmic domain (provided by F.Watt, ICRF, London) antibodies were used at 5-10 μg/ml. A polyclonal antibody against mouse laminin was kindly provided by Dr H.Feracci (Institut Curie, Paris, France) and used at a dilution of 1:250. Nuclei were stained with 1 μg/ml DAPI (4Ј,6-diamidino-2-phenylindole; Sigma) solution for 5 min at room temperature. In all cases, mice with litters of 7-8 pups were analyzed. Negative female littermates served as wild-type controls.
Cell proliferation assay
For the detection of cell proliferation, mice were intraperitoneally injected with 250 μg/g body weight of BrdU (Sigma) 2 h prior to sacrifice. Sections of mammary glands, pre-fixed in Methacarn, were deparaffinized and rehydrated according to standard protocols. Endogenous peroxidase was blocked by incubation in 3% H 2 O 2 in methanol at room temperature for 20 min. Sections were then treated with 2 N HCl at 37°C for 20 min and with 0.1 M Na-borate buffer, pH 8.5, for 10 min. Incorporated BrdU was detected using the Amersham Cell Proliferation Kit following the manufacturer's instructions. A weak hematoxylin counterstaining was performed, and 1500-2000 nuclei per sample were counted.
Apoptosis analysis
To detect apoptotic nuclei, paraformaldehyde pre-fixed paraffin sections were analyzed by the TdT digoxygenin nick end-labeling with Apoptag Plus (Oncor) following the manufacturer's instructions. After counterstaining with methyl green, 1500-2000 nuclei per sample were counted.
RNA isolation and analysis
The third (thoracic) gland was used for RNA extraction. Total RNA was isolated using RNA-plus reagent (Bioprobe Systems) following the manufacturer's instructions. Twenty μg of total RNA was separated on 1% agarose/formaldehyde gels, transferred to nylon membranes (Hybond-N, Amersham) and hybridized with [ 32 P]dCTP random-primed labeled cDNA probes. Two different probes were used to detect transgene expression, a 250 bp BamHI-EcoRV fragment from MMTV-Ch1 plasmid (containing 200 bp of β1-integrin and 50 bp of CD4) and a 1.2 kb BamHI-HindIII fragment corresponding to CD4. cDNA probes: for mouse WAP (Campbell et al., 1984) was kindly provided by Dr R.Jaggi (Laboratory for Clinical and Experimental Research, Bern, Switzerland); for mouse β-casein (Gupta et al., 1982) , by Dr J.Rosen (Baylor College of Medicine, Baylor, TX, USA); and for mouse cytokeratin 8 (Sèmat et al., 1984) , by Dr J.L.Jorcano (CIEMAT, Madrid, Spain). The blots were exposed to the high performance autoradiography film (Amersham). Quantitative analysis of the results was performed by PhosphorImager (Molecular Dynamics).
Primary cell culture
Primary mammary epithelial cell cultures were obtained as previously described (Smith, 1996) . Both inguinal glands were removed from 15-week-old virgin mice and minced with scalpel blades to fragments of 1 mm 3 in RPMI medium containing 10% fetal calf serum, 5 μg/ml insulin and 10 ng/ml EFG (complete medium). After an overnight incubation in 1 mg/ml collagenase (Worthington Biochemical) in complete medium at 37°C, the fragments were washed and plated in tissue culture flasks at a density of~2.5ϫ10 5 fragments per T-75 flask. Fibroblasts were removed by gentle trypsin digestion and the epithelial cells were seeded in Matrigel (Becton Dickinson Labware) and on glass 2146 coverslips in complete medium. To induce transgene expression, 1 μM dexamethasone (Sigma) was added to the growth medium. Induction of the transgene expression was analyzed by indirect immunofluorescence method using anti-CD4 mAb. After 2-3 days of the dexamethasone treatment,~90% of the cells were CD4-positive.
